Abstract We tested whether maternal effects have led to the adaptive divergence of strains of the natural hybrid Potamogeton anguillanus, whose putative parents show contrastingly divergent ecologies. To examine the correlation between phenotypic characters and maternal types, we conducted drought experiments and DNA typing using nuclear and chloroplast genes. In the field, we investigated the distribution of the maternal type along the depth and the inshore-offshore gradient. Hybrids of P. malaianus mothers (M-hybrids) and those of P. perfoliatus mothers (P-hybrids) could not be distinguished morphologically under submerged conditions, but differed in drought tolerance. M-hybrids and P. malaianus formed more terrestrial shoots and exhibited higher survival than P-hybrids and P. perfoliatus in drought experiments. The distribution survey clarified that M-hybrids were dominant in shallow and inshore areas, whereas they were almost absent in deeper and offshore areas. These results indicate that the natural hybrid P. anguillanus differs in adaptive values depending on the maternal type. Bidirectional hybridization and heritable maternal effects may have played important roles in its phenotypic adaptation to local environmental conditions.
Introduction
Maternal effects may play substantial roles in the adaptive evolution of plants and are categorized as environmental, cytoplasmic and epigenetic from an evolutionary ecological viewpoint. Maternal environmental factors such as light and soil nutrient availability and water regimes often affect the rate, probability and season of offspring germination (Galloway 1995 (Galloway , 2005 Rossiter 1996; Hereford and Moriuchi 2005) . Several physiological studies have shown cytoplasmic or epigenetic phenomena directly attributable to inheritable maternal effects. Cytoplasmic factors commonly cause maternal effects on herbicide resistance (e.g., Hirschberg and McIntosh 1983; Frey et al. 1999; El-Lithy et al. 2005 ) and male sterility (reviewed by Schnable and Wise 1998) . Epigenetic phenomena are expected to have the capacity to generate adaptive phenotypic variation (Grant-Downton and Dickinson 2006) . In the case of the interspecific hybridization of wild plants, such maternal effects play a major role in the fitness of hybrids, with notable consequences for hybridization zone dynamics; the survival of hybrids may depend on the direction of the cross and genotype-environmental interactions that are involved in hybrid fitness (Campbell and Waser 2001; Kirk et al. 2005) .
Potamogeton (Potamogetonaceae) is a genus of aquatic monocots that contains approximately 100 species worldwide (Wiegleb 1988; Wiegleb and Kaplan 1998) . Many interspecific hybrids have been recognized, and their parental species have been estimated based on their morphological character and the co-occurrence of taxa (e.g., Kadono 1994; Wiegleb and Kaplan 1998) . However, some hybrids are distributed separately from either or both of the parental species (Hollingsworth et al. 1996a, b; Fant et al. 2001a Fant et al. , b, 2003 Fant et al. , 2005 King et al. 2001; Kaplan and Fehrer 2004) .
Many Potamogeton taxa, including several natural hybrids, occur in Lake Biwa, Japan (Kadono 1991) . Potamogeton anguillanus Koidz. is one of the dominant species in this lake. We confirmed the hybrid status of P. anguillanus from P. perfoliatus L. and P. malaianus Miq. using allozyme and sterility analyses Kadono 2000, 2002) . Based on genotype analyses, the plants of P. anguillanus generally consist of F 1 hybrids that are likely derived through multiple hybridizations and reproduce clonally. The distribution of P. anguillanus is often allopatric to those of the parental species (Imamoto et al. 1998; S. Iida, unpublished data) .
The parental taxa are ecologically divergent, although a molecular phylogenetic analysis of chloroplast DNA has indicated a close relationship between them (Iida et al. 2004) . Usually both taxa grow submerged in fresh water, but they differ under exposed conditions ( Fig. S1 ): P. malaianus is able to survive by producing terrestrial shoots, whereas P. perfoliatus lacks such phenotypic plasticity, except in a few anomalous cases (Kadono 1984; Kaplan 2002) . Furthermore, the depth distribution of P. perfoliatus is comparatively wider than that of P. malaianus in Lake Biwa (Imamoto et al. 1998 ). The hybrid P. anguillanus occurs more frequently than the two parental species, and its depth distribution is as broad as that of P. perfoliatus in Lake Biwa (Imamoto et al. 1998) . Terrestrial forms of the hybrid have been observed during periods of drought (Fig. S1, Fujii 1995) .
Because different characters have been observed in reciprocal hybrids of several taxa (Johal and Holaday 1989; Campbell and Waser 2001; Kollipara et al. 2002; El-Lithy et al. 2005; Kirk et al. 2005 ), a wide range of distribution and phenotypic plasticity may be associated with ecotypic variation in P. anguillanus from different maternal lineages. Thus, we performed DNA typing using nuclear and chloroplast genes, drought experiments under cultivated conditions and a distribution survey in Lake Biwa. Our objectives were to determine whether P. anguillanus is produced from bidirectional crosses, whether any correlation occurs between maternal types and morphological and/ or ecological characters, and whether maternal effects provide phenotypic adaptation to local environmental conditions.
Materials and methods

Drought experiment materials
Potamogeton anguillanus only occurs in limited areas from central to southwestern Japan (Kadono 1991) , and most of these are small, uniclonal populations, except for the population in Lake Biwa, Shiga Prefecture (Iida and Kadono 2001) . Therefore, we collected P. anguillanus (n = 9, strain numbers: An0-An8) from Ohtsu along the shoreline of Lake Biwa (35°7¢N, 135°55¢E) , where multiple hybridizations were observed using genotype analyses (Iida and Kadono 2002) . Parent species were collected from several localities in Japan including those from Lake Biwa (Table S1 ). All strains were cultivated and maintained at Kobe University, Kobe, Hyogo Prefecture, and used in drought experiments.
Nuclear and chloroplast gene typing
The hybrid status of P. anguillanus was analyzed using one of the nuclear genes coding alcohol dehydrogenase, adhA. The chloroplast gene coding the ribulose bisphosphate carboxylase/oxygenase large subunit (rbcL) was analyzed to determine the maternal type. Extractions of total DNA, polymerase chain reactions (PCRs) and sequence analyses followed those described by Iida et al. (2004) . Several orthologous adh genes were found in Potamogeton (unpublished data), and a length mutation between P. perfoliatus and P. malaianus was found in one adh locus, adhA. Primers for the PCR amplification of adhA were designed to detect this length variation (primer 174R: 5¢-ACACAGGAAACAGCTATGACCGGACCTCTAC TTCTGGGAAG -3¢, primer 243-2aF: 5¢-CGTTGTAAAA CGACGGCCAGTGGTCTCCTATCTCAAGACCTG-3¢). Amplified adhA fragments were sequenced directly or cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA).
Universal primers were used for the PCR and sequencing of almost complete sequences of rbcL (primer 26: 5¢-TGTCACCACAAACAGAGACTAAAGC-3¢; primer 1375: 5¢-ATACGATCTCTTTCCATACTTCAC-3¢). Generally, chloroplast DNA is inherited maternally in angiosperms, but heteroplasmy from the leakage of paternal chloroplast DNA has been recognized in some taxa (Korpelainen 2004) . When heteroplasmy occurred at a low level, the minor cpDNA from either parent could not be identified directly by PCR amplification. Therefore, two sets of allele-specific primers for rbcL were designed and used for PCR to detect heteroplasmy (Figs. 1, S2 ).
Drought experiment and leaf morphology
The drought experiment was performed in an experimental garden at Kobe University during the summer under natural sunlight (July-September). For each strain, three rhizome fragments, each of which consisted of five nodes and three submerged shoots, were transplanted to a basket (L · W · D: 31 · 23 · 7 cm 3 ) filled with sand collected from Lake Biwa and fertilized with commercial fertilizer (MAGAMPK; Hyponex Japan, Osaka, Japan), and precultivated for 30 days in initial submerged conditions with a water depth of 30 cm. The drought treatment was performed for 40 days by simulating the growth conditions of terrestrial shoots observed on the shore of Lake Biwa. All baskets were transferred into a shallow container, and the water table was maintained at 4 cm below the soil surface by supplying water regularly. Based on a preliminary study (unpublished data), the number of submerged shoots is roughly correlated with the dry weight (Pearson's correlation coefficient, r = 0.820, P < 0.001). A similar correlation between the number and dry weight of terrestrial shoots was observed in the drought experiment (Pearson's correlation coefficient, r = 0.789, P < 0.01). Thus, productivity during the drought experiment was estimated by counting the numbers of shoots under submerged or drought conditions. In addition, several newly developed leaves were followed for 4 weeks to observe their persistence during the drought treatment.
To compare the leaf morphology among the parent taxa, P-hybrids and M-hybrids, four leaves per strain were sampled and fixed in formalin-acetic acid-ethanol. The fixed leaves were embedded in paraffin and sectioned (15 lm thick). The cross-sections were stained with safranin O/fast green. The number of stomata was counted directly under a microscope. The stomatal density was calculated as the average number per unit area (1 mm 2 ) from four views on the middle part of the leaf surface. An additional four leaves per strain were sampled to examine the leaf area per unit of dry leaf biomass [specific leaf area (SLA)]. Leaf area was determined using the image analysis software Lia32 for Win32 (http://www.agr.nagoya-u.ac.jp/ %shinkan/LIA32/index.html).
Productivity and leaf characters were compared using Student's t-tests. Values are shown as the mean ± SD. Differences between mean values were accepted as significant at P < 0.05.
Depth distribution in the field
Dense stands of P. anguillanus were found along the west coast of the northern basin of Lake Biwa, where two parental species, P. malaianus and P. perfoliatus, occurred at extremely low frequency. The depth distribution of the maternal types was assessed at one such stand (Kitakomatsu, Shiga Prefecture, 35°15¢N, 135°58¢E). Sampling of P. anguillanus was performed at four sites differing in water depth (0.5-3.0 m) on 15 September 2004. The water level of the lake was -27 cm (Lake Biwa Office, Ministry of Land, Infrastructure and Transport, http://www.biwakokasen.go.jp). To reduce the possibility of sampling from the same clone, plants were sampled at 2-m intervals at sites 1 and 2, and randomly within a 15-m radius at sites 3 and 4. The distance from shore was also recorded. The maternal type of P. anguillanus was determined by PCR Fig. 1 PCR products of a adhA, b P-type rbcL and c M-type rbcL in strains of Potamogeton perfoliatus, P. malaianus and P. anguillanus (An0-An8), subjected to experimental drought Fig. 2 Shoot productivity of Potamogeton perfoliatus, P. malaianus and P. anguillanus P-hybrids and M-hybrids under experimental drought. Lower column average number of submerged shoots after pre-cultivation, upper column average number of terrestrial shoots at the end of the drought experiment, n number of strains examined, bar SD J Plant Res (2007) 120: 473-481 475 amplification of rbcL using allele-specific primers as described above.
Results
Nuclear and chloroplast gene typing
To identify the hybrid status and maternal types of P. anguillanus, we performed typing of nuclear and chloroplast DNA using sequence variants of adhA and rbcL, respectively. The adhA sequences of P. perfoliatus and P. malaianus in Lake Biwa were deposited under accession numbers AB277753 and AB277752, respectively. There were a few substitutions among different localities and alleles, but the length and position of two insertions/deletions in intron 2 and 3 were conserved in each taxon. The PCR fragment of P. perfoliatus adhA was 31 nucleotides longer than that of P. malaianus adhA. All strains of P. anguillanus had hybrid patterns of adhA containing both parental fragments (Fig. 1a) .
The rbcL sequences were distinct between P. perfoliatus (accession number AB196951) and P. malaianus (AB196945) for three nucleotide base substitutions (Fig.  S2) . The three substitutions in the P. perfoliatus rbcL (P-type rbcL) were 734G, 808A and 982T, whereas those in the P. malaianus rbcL (M-type rbcL) were 734C, 808T and 982G. Two different types of rbcL were identified in strains of P. anguillanus: P-type rbcL (n = 4, strains An0-An3) and M-type rbcL (n = 5, An4-An8). P. anguillanus strains were distinguished according to their maternal type: P-hybrids (hybrids with P-type rbcL) and M-hybrids (hybrids with M-type rbcL). The presence of heteroplasmy was examined using allele-specific PCR. Allele-specific primers (Fig. S2) were designed using substitutions of sites 734 and 982 (P-type rbcL-specific primer sets: 734G/982T; M-type rbcL-specific primer sets: 734C/982G). Amplification was performed for 35 cycles at 94°C for 20 s, 62 (P-type rbcL fragment) or 63°C (M-type) for 30 s and 72°C for 20 s. Allele-specific primers differed only in the 3¢-terminal nucleotide sequences at 734 and 982; therefore, the rbcL-type of the PCR product was confirmed by the sequencing position 808. The results of sequence analyses using universal primers (Fig. S2 ) and allele-specific PCR (Fig. 1b, c) were basically the same; only P-type rbcL fragments were obtained in P. perfoliatus (n = 7) and P-hybrids of P. anguillanus (An0 and An1), whereas only M-type rbcL fragments were obtained in P. malaianus (n = 7) and M-hybrids (An4-An8). However, both P-type and M-type rbcL fragments were obtained from two P-hybrid strains of P. anguillanus (An2 and An3). The M-type fragments were not non-specific products caused by mis-priming, but were hardly detectable when the number of PCR cycles was decreased from 35 to 25. Therefore, strains An2 and An3 had heteroplasmic chloroplast DNA, possessing mainly P. perfoliatus cpDNA and a few copies of P. malaianus cpDNA. Molecular evidence of nuclear and chloroplast genes indicated that P. anguillanus was derived from reciprocal interspecific crosses between P. perfoliatus and P. malaianus.
Drought experiment
We examined the ecological divergence between hybrids of different maternal types under drought conditions. During the 30 days of pre-cultivation under submerged conditions, rhizomes elongated, and submerged shoots formed (<30 cm; Fig. 2 ). Although we used the same size and number of initial rhizome fragments, P. perfoliatus produced more submerged shoots than P. malaianus (P < 0.01). For P. anguillanus, the average number of submerged shoots of P-hybrids was larger than that of M-hybrids, but the difference was not significant.
All submerged shoots above the soil surface immediately dried and withered within 5 days after they were exposed to air. Both survival and productivity varied among species and lineages (Fig. 2) . In P. malaianus new buds developed at the rhizome nodes after 3 days from the onset of drought and formed terrestrial shoots. Terrestrial shoots had short internodes, and the stem did not exceed %7 cm in height. All strains of P. malaianus continued to grow under exposed conditions by increasing the number of terrestrial shoots. Root and rhizomes were also well developed during the drought treatment. In contrast, P. perfoliatus died without producing complete terrestrial shoots, although a few shoots developed initially. The rhizomes gradually disappeared during the drought treatment. The terrestrial shoot production of P. anguillanus Mhybrids was similar to that of P. malaianus. In P-hybrids, several terrestrial shoots appeared during the first 20 days, but after that, they mainly withered. The survival and productivity of terrestrial shoots varied among the P-hybrid strains: the homoplastic strain An0 died, whereas An1 formed three shoots; the heteroplasmic strains An2 and An3 formed four and six shoots, respectively. Thus, the M-hybrids showed significantly higher productivity of terrestrial shoots than did the P-hybrids at the end of the drought treatment (P < 0.05), and their roots and rhizomes were more developed.
The terrestrial leaves of P. malaianus expanded fully, and the life span of each leaf was >3 weeks. In contrast, the leaves on the initial shoots of P. perfoliatus did not expand and withered within a few days. The leaf expansion and life span of all P. anguillanus M-hybrid strains and the heteroplasmic P-hybrid strain An3 were similar to those of P. malaianus, whereas the heteroplasmic P-hybrid strain An2 and homoplasmic P-hybrids produced few leaves, and most of them did not expand or withered soon after expansion.
Leaf morphology
Because adaptation to fluctuating water levels is associated with phenotypic changes in leaf traits in many aquatic plants (Sculthorpe 1967; Hutchinson 1975; Wells and Pigliucci 2000) , several leaf characteristics were compared among the parent taxa, P-hybrids, and M-hybrids (Table 1 ; Fig. 3 ). The parent taxa were clearly differentiated by leaf shape and size (Table 1; Fig. 3 ). The submerged leaves of P. perfoliatus were sessile, with lanceolate blades clasping the stem at the base (amplexicaul), whereas those of P. malaianus were long petiolated with oblong linear blades and wedge-shaped at the base (cuneate). The leaf thickness and SLA of submerged leaves differed significantly between the parental taxa (P < 0.001 for both characters). Submerged leaves of P. anguillanus were of intermediate status to those of the parental taxa: sessile, linear lanceolate and cuneate at the base. There were no significant differences in submerged leaf shape and size between the P-and M-hybrids, although the blade length of the homoplasmic P-hybrid strains (An0 and An1) was somewhat shorter than that of the other hybrid strains.
Terrestrial and submerged leaves of P. malaianus differed obviously in anatomical structure (Table 1; Fig. 3 ). The submerged leaf blades were thin, consisted of two epidermal layers and a single homogenous mesophyll layer, and lacked stomata and intercellular air spaces. The terrestrial leaf had both palisade and spongy parenchyma and stomata on both surfaces. Intercellular air spaces and substomatal chambers were also present. The terrestrial leaves of P. anguillanus differed from those of P. malaianus in petiole length, thickness of the leaf blade and stomatal density. No significant differences were observed between P-and M-hybrids, although only a limited number of leaves of the P-hybrid were available.
Distribution of maternal types
A field survey of the distribution of hybrid types was performed at four sites in Lake Biwa. The water depths of the study sites were 0.5 m (site 1), 1.0 m (site 2), 2.0 m (site 3) and 3.0 m (site 4). Heteroplasmic hybrids were not found using rbcL analysis of the maternal types, although the survey stand was located near the hybrids used in the drought experiment. A skewed distribution of maternal types was observed: M-hybrids dominated at sites 1 and 2, whereas P-hybrids dominated at sites 3 and 4 (Table 2). 
Discussion
Potamogeton perfoliatus and P. malaianus, the parental species of P. anguillanus, are distinguished by their submerged leaf characters such as the presence or absence of a petiole and blade length and shape (Table 1 ; Fig. 3 ). P. anguillanus is intermediate to the two parental species in these characters. Previous allozyme analyses indicated that P. anguillanus was derived via hybridization between P. perfoliatus and P. malaianus (Iida and Kadono 2002) . The nuclear-encoded adhA pattern also confirmed the hybrid origin of P. anguillanus from these two species (Fig. 1a) . Although P. anguillanus was not completely sterile and a small portion (8% of n = 258) of plants showed segregated genotypes, 58% of plants were the F 1 genotype and the others had a unique allele in each genotype Kadono 2000, 2002) . Three substitutions between the rbcL of the parental species are conserved and easy to detect using allele-specific PCR (Figs. 1b, c, S2 ). Of all P. anguillanus strains, two were heteroplasmic and the remaining 42 were homoplasmic (Table 2 ; Fig. 1b, c) , suggesting that chloroplast DNA is generally inherited maternally and the leakage of paternal DNA is rare. In the P. anguillanus strains examined, two maternal types occurred with similar frequency: 20 strains (including two heteroplasmic strains) of the P-hybrid and 24 strains of the M-hybrid. Together with previous genotype and sterility analyses, the observed intermediate morphology, additive pattern of the nuclear gene and rbcL variation suggest that P. anguillanus mainly consists of F 1 hybrids derived from bidirectional crosses between P. perfoliatus and P. malaianus.
The parental taxa show contrasting ecological adaptations to drought stress ( Fig. 2; Table 1 ). P. perfoliatus exhibits high shoot productivity under submerged conditions, but fails to produce terrestrial shoots and withers when exposed. In contrast, P. malaianus survives producing terrestrial shoots continuously under drought conditions. Depending on its maternal type, the natural hybrid P. anguillanus differs in adaptive value in response to drought stress (Fig. 2) : M-hybrids produce more terrestrial shoots continuously and exhibit higher vegetative performance than P-hybrids. Heteroplasmic P-hybrids exhibit higher vegetative performance than homoplasmic hybrids under drought conditions, although the sample size was extremely small.
The distribution patterns of the maternal types in the shallow inshore areas of Lake Biwa further indicate substantial ecotypic differentiation in the adaptation to local environmental conditions in P. anguillanus (Table 2 ). The lowest water level in Lake Biwa (-123 cm) was recorded during a drought period in summer 1994, and the shallow shoreline was exposed for over 2 weeks. Many submerged species died because of this draw down (Fujii 1995) . Similar, but less extreme droughts occurred several times after 1994, and the inshore vegetation may have been altered. Based on the water depths of the study sites and the water level record over the past 10 years, droughts occurred four times at site 1 (1994, 1995, 2000, and 2002 ) and once at site 2 (1994). Sites 3 and 4 remained submerged. The results of the distribution survey are consistent with those of the drought experiment ( Table 2 ). The dominance of M-hybrids at sites 1 and 2 suggests that they are likely to have survived exposed conditions in the field, as well as in the drought experiment. The rarity of P-hybrids at sites 1 and 2 suggests that they were selected against by exposed conditions in the field. Generally the separated distribution of hybrids could be explained by the distribution patterns of their parental species and limitations in seed dispersal, other than the natural selection. The distribution of the parents was skewed: P. malaianus frequently occurred in water 1.0-2.0 m deep, whereas P. perfoliatus was fairly evenly distributed in water 1.0-4.0 m deep in Lake Biwa (Imamoto et al. 1998 ). However, hybrids are often allopatric to the parental species (Imamoto et al. 1998; S. Iida, unpublished data) , and both parent species were scarce in sites examined in the distribution survey. Seeds of Potamogeton are buoyant because the surrounding pericarp contains air-filled lacunate tissue (Sculthorpe 1967; S. Iida, unpublished data) . We did not observe differences in the dispersal ability between the parental species.
The skewed distribution of the maternal types was also observed in the deeper offshore area: P-hybrids dominated at sites 3 and 4, whereas M-hybrids were almost absent (Table 2) . Various environmental parameters such as light intensity and quality, temperature, soil substrate and physical force change with water depth and distance from the shore (Sculthorpe 1967; Hutchinson 1975; Spence 1982; Hamabata 1996) . Depth distributions are associated with photosynthetic responses to light intensity in some Potamogeton species (Spence and Christal 1970a) . Species rooted in deeper water have lower respiration rates than those in shallow water and are more tolerant to shade, which may result from a higher SLA (Spence and Christal 1970b) . The submerged leaves of P. malaianus had lower SLA than those of P. perfoliatus (Table 1 ). This character of P. malaianus may limit its growth in deep offshore areas where irradiance is low. The absence of M-hybrid from deep offshore, however, cannot be explained by low light, because the average SLA of submerged leaves of the two maternal types is similar under cultivation (Table 1) . Other environmental factors, such as cold temperature and light quality should be examined.
Maternal effects are generally categorized as cytoplasmic, epigenetic and environmental. Cytoplasmic male sterility and resistance to triazine herbicides are affected by maternal inheritance of mitochondria or plastids, and sometimes heteroplasmy causes variance in the effects on natural populations (Frey et al. 1999; Städler and Delph 2002; McCauley et al. 2005) . Epigenetic phenomena are considered to be involved in stress tolerance and the expression of nuclear coded genes in maize (Kollipara et al. 2002) . In wild plants, maternal nutritional status often affects offspring traits such as seed size and probability of germination (Galloway 1995 (Galloway , 2005 Rossiter 1996; Hereford and Moriuchi 2005) . However, the maternal effects of cytoplasmic factors and epigenetic phenomena affect inherited traits more directly. The phenotypic plasticity observed in the drought experiments was scarcely affected by the maternal environment, because maternal effects are diminished during clonal rhizome growth. The drought experiment and distribution survey indicated that the maternal types of P. anguillanus, including the heteroplasmic condition, are correlated with its adaptive value under exposed conditions, and the inherited maternal effects may have played important roles in its ecological divergence.
Many aquatic plants show plasticity in the development of terrestrial leaves and metabolism switching during drought (Sculthorpe 1967; Hutchinson 1975; Wells and Pigliucci 2000) . Among the various traits associated with such plasticity, changes in leaf form (heterophylly) are regulated by plant hormones such as ethylene and abscisic acid (Anderson 1978; Kuwabara et al. 2001 Kuwabara et al. , 2003 , but little is known regarding the overall mechanisms and their evolutionary genetics. Many aquatic plants produce submerged and terrestrial leaves above and below the water level (Allsopp 1965) . In Potamogeton, submerged shoots do not bear leaves above the water surface (except for floating leaves), but inflorescences are elevated above the water by the elongation of the peduncle. The taxa that we examined all produce such inflorescences, and we observed many stomata on the surface of the perianth. This observation and preliminary culture experiments under stress conditions indicate that the adaptability to drought may depend on the physiological and genetic ability of heat and high light tolerance. Our results suggest that the drought tolerance and plasticity of hybrids depend on the direction of the parental cross. Further analyses of physiological change and gene expression induced by tolerance among reciprocal hybrids and their parental species, combined with examinations of the distribution patterns of natural populations, will have implications for the study of phenotypic plasticity from the viewpoint of adaptation.
